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A B S T R A C T

Phenolic compounds are among the most diverse and widespread of specialized plant compounds and underly
many important agronomic traits. Our comprehensive analysis of the maize genome unraveled new aspects of
the genes involved in phenylpropanoid, monolignol, and flavonoid production in this important crop.
Remarkably, just 19 genes accounted for 70 % of the overall mRNA accumulation of these genes across 95
tissues, indicating that these are the main contributors to the flux of phenolic metabolites. Eighty genes with
intermediate to low expression play minor and more specialized roles. Remaining genes are likely undergoing
loss of function or are expressed in limited cell types. Phylogenetic and expression analyses revealed which
members of gene families governing metabolic entry and branch points exhibit duplication, subfunctionaliza-
tion, or loss of function. Co-expression analysis applied to genes in sequential biosynthetic steps revealed that
certain isoforms are highly co-expressed and are candidates for metabolic complexes that ensure metabolite
delivery to correct cellular compartments. Co-expression of biosynthesis genes with transcription factors dis-
covered connections that provided candidate components for regulatory modules governing this pathway. Our
study provides a comprehensive analysis of maize phenylpropanoid related genes, identifies major pathway
contributors, and novel candidate enzymatic and regulatory modules of the metabolic network.

1. Introduction

Phenolic compounds, one of the most abundant families of specia-
lized metabolites present in plants, have important functions in plant
growth, development and adaptation. They are characterized by che-
mical structures that have at least one aromatic ring with one hydroxyl
group, comprising more than 10,000 compounds so far identified in
plants [1,2]. Among the phenolic compounds, phenylpropanoids are
synthesized from the amino acids tyrosine and phenylalanine by a core
and branch pathways that involved at least 25 enzyme families, and
generate an enormous array of specialized metabolites that include the
monolignols (which polymerize into lignins), the flavonoids (including
anthocyanidins, proanthocyanidins, flavonols, flavonones, flavones,
isoflavones and phlobaphenes), phenolic acids and stilbenes [3–5]. The
pathways and enzyme families involved are summarized in Fig. 1 and
Table 1.

Lignin is formed by the polymerization of monolignols [p-

hydroxyphenyl (H), guaiacyl (G), syringyl (S) and tricin (T)] via oxi-
dative radical-coupling reactions [6]. This heteropolymer is deposited
in the secondary thickening of the cell walls [7]. Lignin, along with
cellulose and hemicellulose, make up the bulk of the renewable biomass
for the carbon-neutral production of biofuels and biochemicals [8].
Efforts to manipulate lignin accumulation have often been hindered by
lignin modification-induced dwarfism, which might be associated with
combinations of vasculature and cell wall integrity defects, and the
accumulation of detrimental pathway intermediates [9,10]. Flavonoids
are composed of two aromatic rings linked by a pyrone ring and they
are classified into sub-classes based on the position and modifications of
the A, B and C rings (Fig. 1). Flavonoids exhibit diverse functions in the
physiology of plants, including attracting pollinators by the anthocya-
nins that pigment flowers [11], protecting against UV radiation and
oxidative stress [12,13], serving as signals in plant development [14]
and participating in plant-microbe [15] and plant-animal interactions
[16].
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Fig. 1. Summary of Evidence for Core Phenylpropanoid, Monolignol, and Flavonoid Pathways in Maize. Boxes represent the estimated number of genes for a
particular enzyme and are color coded to indicate the strength of evidence supporting the encoded enzyme activity (dark green: strong, yellow: medium and gray:
weak). Enzyme abbreviations are provided in Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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The first committed step in the phenylpropanoid pathway is the
conversion of L-phenylalanine to trans-cinnamic acid (CA) by phenyla-
lanine ammonia lyase (PAL). A shortcut in the pathway is provided by
the conversion of L-tyrosine into p-coumaric acid (pHCA) by tyrosine
ammonia lyase (TAL). Monocot PALs also display TAL activity, and a
recent study resulted in the identification of a Brachypodium distachyon
bifunctional ammonia lyase responsible for the production of almost
half of the lignin present in this model grass species [17]. The 4-hy-
droxylation of CA gives pHCA as product and is mediated by cinnamate-
4-hydroxylase (C4H), which belongs to the cytochrome P450 family
(CYP73A) [18]. The enzyme 4-coumarate:CoA ligase (4CL) exhibits
distinct substrate specificities. It is involved in the third and last step of
the general phenylpropanoid metabolism converting p-HCA into p-
coumaroyl-CoA, and in the lignin pathway converting ferulic acid and
caffeic acid to feruloyl-CoA and caffeoyl-CoA, respectively [19–21].

Hydroxycinnamoyl-CoA transferase (HCT) belongs to a large family
of acyltransferases and esterifies p-coumaroyl-CoA or caffeoyl-CoA with
shikimic or quinic acid [22]. HCT also is implicated in the reverse re-
action by transforming caffeoyl shikimate to caffeoyl-CoA [22]. A si-
milar reaction is catalyzed by caffeoyl shikimate esterase (CSE), which
instead gives caffeic acid as product [23]. However, the corresponding
gene has not been definitely identified yet in maize. Cinnamate-3-hy-
droxylase (C3H) is a cytochrome P450 (CYP98A3) that catalyzes the 3-
hydroxylation of shikimic or quinic acid-esterified p-HCA into their

corresponding caffeic acid conjugates [24].
Caffeoyl-CoA O-methyltransferase (CCoAOMT) methylates the 3-OH

of caffeoyl-CoA to make feruloyl-CoA [25]. Cinnamoyl CoA reductase
(CCR) catalyzes the conversion of hydroxycinnamoyl-CoA esters (p-
coumaroyl-CoA and feruloyl-CoA) to their corresponding cinnamyl al-
dehydes (coumaryl and coniferyl aldehydes) [26]. Subsequently, cin-
namyl alcohol dehydrogenase (CAD) catalyzes the reduction of p-hy-
droxycinnamaldehydes into their corresponding alcohols [27]. Either
coniferyl aldehyde or coniferyl alcohol are substrates of con-
iferaldehyde 5-hydroxylase (F5H;) [28], which is a cytochrome P450-
dependent monooxygenase (CYP84) that converts them to the re-
spective 5-OH derivatives. The 5-hydroxylation can be followed by a 5-
methylation catalyzed by a caffeic acid O-methyltransferase (COMT),
which also uses aldehydes or alcohols as substrates to make sinapyl
aldehyde or sinapyl alcohol [29]. The monolignols p-coumaryl, conferyl
and syringyl alcohols are polymerized via oxidative radical coupling
reactions to form, respectively, the H, G, and S units of lignin [30].

The activated phenylpropanoid p-coumaroyl CoA can be used either
for lignin biosynthesis (as described above), or for the formation of
flavonoids by chalcone synthase (CHS), through conjugation with
malonyl-CoA to form naringenin chalcone. In maize, C2 (colorless2) and
WHP1 (white pollen1) are duplicate loci encoding the enzymes re-
sponsible for this entry step into the pathway [31]. Chalcone stereo-
specific isomerization is facilitated by chalcone isomerase (CHI), which

Table 1
Summary of Phenylpropanoid and Flavonoid Biosynthetic Genes in Maizea.

Enzyme Full Name and Enzyme Type EC number No. in this
study

Mutant in Maize Reference

Core Phenylpropanoid pathway
PAL Phenylalanine ammonia lyase (aromatic amino acid lyase) 4.3.1.24 10 [112]
C4H Cinnamate 4-hydroxylase (monoxygenase) (Cytochrome P450)

(CYP73A)
1.14.14.91 5 [113,114]

4CL 4-Coumarate-CoA ligase (Acyl-CoA Synthetase) 6.2.1.12 14 brown midrib 5 [19,115,116]
CCR Cinnamoyl CoA reductase (NAD(P)dependent epimerase/dehydratase) 1.2.1.44 19 Cinnamoyl CoA Reductase 1 [117,118,119]

Total 48

Monolignol pathway
CAD Cinnamoyl alcohol dehydrogenase (Zn-binding alcohol

dehydrogenase)
1.1.1.195 7 brown midrib 1 [120,121,122]

HCT Shikimate O-hydroxycinnamoyl transferase (Acyltransferase) 2.3.1.133 41 [87,97]
C3H p-Coumaroyl shikimate 3-hydroxylase (monoxygenase) (Cytochrome

P450) (CYP98A)
1.14.14.96 2 [114,123,124]

CCoAOMT Caffeoyl CoA O-methyltransferase 2.1.1.104 5 ccoaomt 1, ccoaomt 2, [125]
COMT/OMT Caffeic acid O-methyltransferase 2.1.1.68/16 9 brown midrib 3 [126,127]
F5H (FAH) Ferulic acid 5-hydroxylase (Cytochrome P450) 1.14.14.81 2 [20,114]

Total 66

Flavonoid pathway
CHS Chalcone synthase (Polyketide synthase, type III) 2.3.1.74 14 colorless 2, white pollen 1 [31,102,108,128]
CHI Chalcone isomerase 5.5.1.6 3 [32,129]
F3′H Flavonoid-3′-hydroxylase (flavonoid 3′-monooxygenase) 1.14.13.21 3 purple aleurone 1 [130,131]
FNSI Flavone synthase I, (dioxygenase) 1.14.20.5 6 [34]
FNSII Flavone synthase II (Cytochrome P450) 1.14.19.76 2 [37]
F3H Flavanone 3-hydroxylase (dioxygenase) 1.14.11.9 4 [77,132]
F2H Flavonoid-2-Hydroxylase (Cytochrome P450) (CYP93G5) 1.14.14.162 1 [133]
DFR Dihydroflavonol 4-Reductase 1.1.1.219 2 anthocyaninless 1 [43]
FLS Flavonol Synthase (dihydroflavonol,2-oxoglutarate:oxygen

oxidoreductase)
1.14.20.6 3 [41]

ANR Anthocyanidin reductase 1.3.1.77 3 [134]
LAR Leucoanthocyanidin reductase 1.17.1.3 1 [135]
LDOX Leucoanthocyanidin dioxygenase 1.14.20.4 4 [32,43,47,136]
UGT UDP glycosyltransferase 2.4.1.91 57 salmon silks 2, bronze 1, ugt 14, ugt 46 [54,137,138,139]
GST Glutathione-S-transferase 2.5.1.18 7 bronze 2 [53,140]
AAT Anthocyanin Acyltransferase 2.3.1.153 8 anthocyanin acyltransferase 1 [78]
RHM UDP-Rhamnose synthase (NAD (P) dependent UDP-glucose 4,6-

dehydratase)
4.2.1.76 4 salmon silks 1 [54]

Total 122
Sum Total 236

a The gene families MTHFR, ALDH, PMAT were not included in this table as they were considered peripheral to or predicted only to participate in the core,
monolignol, and flavonoid pathways (Supp. Table 1).
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leads to the formation of the flavanone naringenin [32]. Flavonoid-3′-
hydroxylases (F3′H) belong to the cytochrome P450 protein family and
hydroxylate naringenin in ring B to form eriodictyol [33]. The same
enzyme catalyzes the transformation of (dihydro)kaempferol to (di-
hydro)quercetin [33].

The flavone synthase I (dioxygenase) enzyme (FNSI) generates a
double bond in ring C of the flavonones naringenin and eriodictyol to
produce the flavones apigenin and luteolin, respectively [34,35]. The
same oxidation can be done by the flavone synthase II (cytochrome
P450 hydroxylases) enzyme (FNSII), which converts the flavonones into
flavones [36,37]. Flavanone-3-hydroxylase (F3H) hydroxylates the
flavanones naringenin and eriodictyol at the 3 position of the C-ring,
resulting in the formation of the dihydroflavonols, dihydrokaempferol
(DHK) and dihydroquercetin (DHQ), respectively [38]. F3H is im-
portant for the production of anthocyanins and flavonols [39], the
latter being essential for pollen fertility in maize and other plants [40].
Flavonols are produced by a flavonol synthase (FLS), which is a diox-
ygenase enzyme that directs the oxidation of the DHK and DHQ to form
kaempferol and quercetin, respectively [41,42].

The dihydroflavonol 4-reductase (DFR), encoded by A1 in maize
[43], catalyzes the reduction of the carbonyl group of the ring C of
eriodictyol and dihydroquercetin to form respectively 3-deoxy flavan 4-
ols (luteoforol, which then polymerize into phlobaphenes), and 3-hy-
droxy flavan 4-ols (leucocyanidin; which can undergo subsequent re-
actions to lead to cyanidins) [44]. The anthocyanidin synthase (ANS)
enzyme, also termed leucoanthocyanidin dioxygenase (LDOX), is in-
volved in the production of cyanidin from leucocyanidin [45,46], and is
encoded in maize by A2 [47,48]. In some plants, cyanidin can be a
substrate of anthocyanidin reductase (ANR) to produce flavan 3-ols
[49].

Flavonoid stability, solubilization and subcellular compartmentali-
zation depend on the conjugation with sugars and acyl groups [50].
UDP-glycosyltransferases (UGTs) form a large group of enzymes that
transfer sugar moieties from activated sugar donors to a wide range of
molecules, including flavonoids and anthocyanidins [51]. Malonylation
is the most common acylation of flavonoid glucosides and is mediated
by malonyl transferases [52]. The subcellular transport of anthocya-
nidin glucosides is believed to depend on Type III glutathione S-trans-
ferases (GSTs) that reversibly bind to them [53]. Although it is less
commonly reported, sugar moieties from flavonoid glycosides can un-
dergo irreversible modifications. Such is the case of rhamnosylisoor-
ientin, whose glucose directly attached to the flavone is converted to
deoxy-keto glucose by a rhamnose synthase, to form maysin [54].

While the phenylpropanoid pathway has been extensively in-
vestigated in dicots such as poplar and Arabidopsis, significant gaps
remain in the grasses. This is particular the case in maize, where most of
the pathway genes are part of small gene families with likely partially
redundant functions, making it particularly challenging to determine
which specific family member is predominantly involved in pathway
flux. Even though many flavonoid genes were first characterized in
maize thanks to the conspicuous effects of the mutants on pigmentation
[55], no mutants have yet been found for chalcone isomerase (CHI) or
flavanone 3-hydroxylase (F3H).

The regulation of the pathway is complex and involves conserved
sets of transcription factors that control specific pathway modules [56].
For example, R2R3-MYB transcription factors were among the first to
be identified as directly activating pathway and other transcription
factor genes [57]. Several of these R2R3-MYBs are downstream targets
of members of the VNS protein (for VND, NST/SND, and SMB-related
protein) subfamily, which have been extensively characterized in dicots
[58]. A distinct class of R2R3-MYBs are gaining importance as pathway
repressors [59]. Efforts to identify similar regulatory components in
maize have involved the generation of an extensive transcription factor
open reading frame (ORF) set [60], that was subsequently used in yeast
one-hybrid (Y1H) experiments to identify over 1000 novel protein-DNA
interactions involving the regulatory regions of 54 maize

phenylpropanoid genes and 500+ transcription factors [61]. Analysis
of high-throughput RNA-seq data can give empirical information about
how gene expression of enzymes from the same biosynthetic pathway is
associated or coordinated to generate a carbon flux in the proper di-
rection.

Here, we describe a comprehensive analysis of the maize phenyl-
propanoid related genes. Previous attempts to catalog all genes linked
to phenylpropanoid metabolism in Arabidopsis revealed 65–80 candi-
date genes of which just 13 could be classified as having a definitive
function [62,63]. By combining comparative genomics with expression
analysis, 15 bona fide genes involved in lignin biosynthesis could be
identified in poplar [64]. A genomic survey of the genes linked to cell
wall biosynthesis in maize included 102 linked to phenylpropanoid
metabolism [65]. Here, we used available genome-wide expression
analyses to determine which family members are predominantly ex-
pressed, and explored their co-expression with other pathway genes as a
first step towards establishing which isoform assemblies might parti-
cipate in the formation of the various pathway products. We also ex-
plored the patterns of gene duplication, and determined, in some fa-
milies, paralog function using co-expression analyses. Finally, we
analyzed available protein-DNA interaction datasets and, combined
with co-expression analyses, predicted which transcription factors
might be involved in the control of the various enzyme gene modules.
Together, these studies provide a valuable framework to further ad-
vance studies on the biosynthesis and control of phenylpropanoids in
maize and other grasses.

2. Materials and methods

2.1. Identification of candidate maize phenylpropanoid genes

The selection of genes linked to maize phenylpropanoid metabolism
consisted first, of a literature search to identify 47 genes from
Arabidopsis already validated to play a role in phenolic metabolism
(Supp. Table 2). Next, candidate maize gene orthologs were identified
by performing a BLASTP search against the maize B73 v4 genome
available from the Gramene database (http://www.gramene.org/) with
a homology cutoff ≥ 90 %. The MaizeGDB database (http://www.
maizegdb.org) was used to help identify maize genes that have been
well-characterized as being linked to phenolic metabolism (Table 1 and
Supp. Table 1). Synteny between maize and sorghum gene models was
as determined previously using SynMap [66] and intragenomic maize
syntelogs were found using the SynFind algorithm (Supp. Table 1) [67].

2.2. Generation of phylogenetic trees

Protein sequences were aligned using the MUSCLE algorithm as
implemented within the MegAlign Pro program (DNASTAR®, Madison,
WI). Phylogenetic trees that were created based on multiple sequence
alignments (MSA) using default parameters were exported to Figtree
(V1.4.4) for graphical display [68]. The examination of MSAs generated
by the MUSCLE algorithm revealed discrepancies in several gene
models. To resolve gene model uncertainties, the predicted transcripts
were checked against existing RNA-seq datasets and corrected based on
read support for intron-exon junctions. The RNA-seq datasets employed
for this purpose were from nine expression studies (66 maize tissue
samples) publicly available from the qTELLER database (www.qteller.
com). The raw datasets were downloaded in the FASTQ format and
mapped to the maize B73 reference genome (v4 rel. 37) using the
HiSat2 Linux package (v2.1.0) [69]. The Integrated genome viewer
(IGV) was utilized to visualize the gene expression data and when
mapped reads indicated an error in the gene model, a corrected tran-
script was used for conceptual translation and MSA (Supp. Table 1).
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2.3. Gene expression and co-expression analyses

The expression levels of core phenylpropanoid, monolignol, and
flavonoid genes in the maize B73 inbred reference germplasm were
analyzed using previously published RNA-seq data from the B73
genome and included samples from 95 tissue samples [70]. The RPKM
values for the selected genes were retrieved, and the values for devel-
opmental or stress induced samples were normalized by transforming to
log2 RPKMs. A heat-map of the tissue-specific expression pattern was
established using the R package Hmisc [71]. Co-expression was calcu-
lated as the mutual rank (MR) of the mutual information index (MR-MI)
between all gene models. Significant MR-MI values were defined as the
top 5 % of the MRs. The MI was estimated from 3-nearest neighbors
[72] using the R package Parmigene (v1.0.2) [73], and with 1e−12 as
noise to break ties due to limited numerical precision. An alternative
approach to detect co-expression based functional regulatory modules
used the same data source and employed average hierarchical clus-
tering analysis, with Euclidean distances as implemented within the R
package pvclust [74]. The uncertainty in hierarchical cluster analysis
was assessed by multiscale bootstrap resampling (n=10,000) which
provided approximately unbiased (AU) p-values, as well as bootstrap
probability (BP) values for each cluster in a dendrogram. Clusters with
AU values< 95 were considered uncertain.

3. Results and discussion

3.1. Assigning genes to the maize phenylpropanoid enzymes

We utilized the repertoire of Arabidopsis phenylpropanoid and fla-
vonoid metabolism genes to identify candidate orthologs (homology ≥
90 %) in the maize B73 (v4) genome. The protein sequences of these
candidate orthologs were then used to search the maize genome for
similar proteins using BLASTP and a total of 249 gene models from 28
gene families were identified (Supp. Table 1). The methylenetetrahy-
drofolae reductase (MTHFR) and aldehyde dehydrogenase (ALDH) fa-
milies were considered to have indirect roles in the pathway and were
omitted from further analysis. The remaining 26 families were devel-
oped for further expression and coexpression analyses (Table 1 and
Supp. Table 1). Some families such as UGT, HCT, CCR, 4CL, and CHS
had a relatively larger number of gene models included (58, 42, 19, 14,
and 14 models, respectively) because they exhibit low homology out-
side a conserved core motif. These were included in this study out of a
preference to be inclusive until substrate specificity is investigated. The
overall criteria for inclusion of each gene model resulted in a classifi-
cation of ‘weak’, ‘medium’ or ‘strong’, depending on various criteria,
including homology, expression, and biochemical activity obtained in
this study or from the existing literature (Table 1, Fig. 1, and Supp.
Table 1). Gene models that exhibited homology to a known phenolic
enzyme in another species, or whose expression was associated with
relevant phenotypic traits, were classified as weak. Syntenic genes with
a known phenolic enzyme gene in maize or for which a mutant, RNA
interference, or overexpression results in maize exhibited an altered
phenolic profile were classified as medium. Gene models with a de-
monstrated enzymatic function by in vitro or in vivo assays, or for which
structure had been determined, were classified as strong. We found
strong evidence that members of 17 enzyme families participate in the
phenylpropanoid, monolignol, and flavonoid pathways in maize,
whereas there was medium evidence for four more families (Table 1,
Fig. 1, and Supp. Table 1). Of these 17 families, there are known mu-
tations in members of at least 12 of them, many of which were first
described from classical genetic studies in maize and later characterized
at the molecular and biochemical level (e.g., c2 and whp, and the brown
midrib mutants bm5, bm1, and bm3 that encode 4CL, CAD and COMT,
respectively) (Table 1).

3.2. A subset of biosynthesis genes plays a predominant role in phenolic
metabolism

3.2.1. Identification of major contributing genes in phenolic metabolism
Our survey of the maize genome uncovered a repertoire of 249

candidate gene models possibly participating in phenolic metabolism.
We hypothesized that only a subset of these genes would play a pre-
dominant role, and that these could be identified by determining those
that exhibit a high level of expression across a large number of maize
tissues. For this purpose, we profiled the expression level of 205 can-
didate genes across 95 tissues samples previously characterized by
RNA-seq [70]. We also omitted eight PAL pseudogenes and some
members of large families such as HCT (HCT Clades 1, 2 and 3) that
were more distantly related from family members whose phenylpro-
panoid function was strong (i.e. HCT Clade 4), hence we analyzed 205
of the 249 candidates. Assumptions in these analyses are that mRNA
levels can reflect protein levels and that mRNA expression levels can be
correlated with the accumulation of end products of a biosynthetic
pathway [75]. The overall average expression level of all genes ex-
amined ranged from 1172 FPKM (ZmGST1) to 0 (several) with an
average of 49 ± 249 FPKM (Supp. Table 3). Remarkably, we found
that 8–19 phenolic genes contribute to 50 %–70 % of all the total reads
(FPKM) for the 205 genes across 95 tissues with an average FPKM >
122 (Fig. 2). This unexpected observation suggests that a small gene
subset are predominantly expressed to facilitate the flux of inter-
mediates through the various branches of the phenolic pathway.
ZmPAL1 and ZmC4H1 are in the top eight, suggesting that these en-
zymes funnel most intermediates into the pathway. Likewise
ZmCCoAOMT1, ZmCOMT1, and ZmOMT8 appear as major contributors
to the flux through the monolignol pathway. ZmGST1, ZmGST4, and
ZmUGT45 are also in the top predominantly expressed genes, indicating
that enzymes facilitating the final steps of glycosylation and stabiliza-
tion/glutathione conjugation that contribute to transport into the va-
cuole also may play a predominant role. Eighty two genes exhibited an
intermediate level of expression (average FPKM between 10 and 121)
and are likely to represent genes whose products are either required in
lower abundance, in a few cell types, or that play more specialized roles
in phenolic metabolism. At the low end of the expression spectrum
there were 75 genes with an average FPKM between 1 and 10, and

Fig. 2. Summary of Most Predominantly Expressed Maize Phenolic Genes.
Outer pie chart summarizes the relative overall expression level across 95 tis-
sues of the indicated phenolic genes in maize (dataset from Ref. [70 of the top
19 predominantly expressed genes. These 19 genes collectively contribute 70 %
of the expression (% of total FPKM) of the 205 genes examined (956,805 total
FPKM). The individual overall contribution of the eight genes that collectively
provide 50 % of the overall read count are shown in brackets. A full list of
average expression levels of all 205 genes is provided in Supp. Table 3.
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further 29 with an average FPKM < 1. The latter genes which collec-
tively contribute< 4 % of the total FPKM value for all 205 genes) might
be expected to contribute little to the overall functioning of the
pathway, although some may have a specialized role in certain devel-
opmental tissues such as Zm4CL-like9 which is expressed almost un-
iquely in meiotic tassel tissue (FPKM 358).

In summary, our comprehensive analyses listed 205 candidate genes
from 26 gene families and revealed that just 19 genes accounted for 70
% of the overall mRNA accumulation across 95 tissues. Our inter-
pretation is these 19 genes produce the main enzyme complexes that
function at key entry, branch, and exit points, to control metabolic flux.
For 12 of these gene families, classical mutants are already available.
The fact that only some of these genes were identified by classical
mutant studies may be due their essential function in maintaining plant
growth and/or the availability of a duplicate gene to compensate when
a mutation occurs. The availability of new gene editing technologies
should permit non-lethal allelic series to be developed for the in-
vestigation of genes for which mutants have not yet been discovered
(e.g. PAL and CHI family members). From an application viewpoint,
this set of ∼40 phenylpropanoid genes represent those that are most
likely to be targeted for trait manipulation. It will be of interest to
determine the extent to which the predominant role of certain genes is
conserved also in other inbred lines.

3.2.2. Developmental expression profiles of predominantly expressed core
phenylpropanoid and monolignol genes

To further investigate the roles that different phenolic genes might
play, we examined the developmental expression profile of the different
gene families in the core phenylpropanoid and monolignol pathways
(Fig. 3) and in the flavonoid pathway (Fig. 4). A published dataset of 95
tissue samples included 79 tissue samples from various stages of de-
velopment and 16 tissue samples under stress conditions [70]. Overall,
we found that the core phenylpropanoid genes PAL, C4H and 4CL are
expressed in leaves peaking around the V9 stage of development, before
declining in older, fully developed leaves. These core genes were ex-
pressed highly in most stem and root tissues, which could be expected
as these tissues are more heavily lignified (Fig. 3). In flowers, the core
enzymatic genes are expressed in tassels and silks, but at low levels in
the immature/unfertilized cob. Within developing seeds, expression
levels of core enzyme genes was highest in the first two weeks after
pollination and declined thereafter. Expression in the endosperm was
very low, but expression in the pericarp (18 DAP) was notably high as is
expected due to the protective nature of this outer layer of maternal
tissue (Fig. 3). As hypothesized, a subset of each gene family was also
seen to be expressed in a tissue specific fashion. For example,
ZmPAL1,9,2,5 and 3 are expressed at much higher average levels
(251 ± 283 FPKM) than ZmPAL4,6,7,8 and 10 (14 ± 12 FPKM).
Likewise, ZmC4H1 and 3, Zm4CL1,2 and 5 and Zm4CL-like1,2, and 4
play predominant roles in their respective families (Fig. 3). In conclu-
sion, our results suggest that the majority of the metabolic flux through
the core phenylpropanoid pathway in maize is conducted via
ZmPAL1,9, and 2, ZmC4H1, and Zm4CL1.

Within families of the monolignol pathway, subsets of genes were
also predominantly expressed (ZmCCR1 and 2, ZmCCR-like7,8 and 3,
ZmHCT6,15,9 and 11, ZmCAD6,3,7 and 2, ZmCCoAOMT1 and 2,
ZmCOMT1 and ZmOMT8). In the C3H and FAH families, the overall
contribution of each of the two identified members (which are synte-
logs) differed in a tissue-specific fashion, likely reflecting sub-
functionalization of syntelogs. For example, ZmC3H1 is expressed at
much higher levels in leaves than ZmC3H2, and ZmFAH1 is expressed at
higher levels than ZmFAH2 in stems (Fig. 3). The predominant members
of the monolignol metabolism genes were also seen to be expressed in
lignifying V9 leaves, internodes, roots and in drought stressed roots
(Fig. 3). In summary, based on predominant expression levels, it ap-
pears that the majority of the metabolic flux through the monolignol
pathways is conducted by a specific gene subset controlled in a tissue-

specific fashion.

3.2.3. Developmental expression profiles of predominantly expressed
flavonoid genes

We also examined the developmental expression profiles of flavo-
noid metabolism (Fig. 4). The B73 inbred line harbors a P1-wr, pl1, and
b1 alleles and accumulates lower levels of phlobaphenes than many
other lines [70,76]. Flavonoid genes were expressed throughout most of
plant development, but at highest levels in older leaves, roots and under
drought and biotic stress (Fig. 4). ZmCHS2 (C2) clearly plays the pre-
dominant role in the entry reaction of naringenin chalcone biosynthesis
across most tissues with a lesser role for the duplicate gene
ZmCHS1(Whp1) in leaves, tassels and anthers, and notably during biotic
infection (Fig. 4). Interestingly, ZmCHS14, 13, and 11, are expressed
almost exclusively in meiotic tassel tissue, suggesting their specialized
role in pollen. ZmCHI1 (average 128 ± 187 FPKM) was the pre-
dominantly expressed gene in the second step of the flavonoid pathway
with ZmCHI2 (average 75 ± 135 FPKM) and ZmCHI3 (average
29 ± 52 FPKM) playing lesser, but largely overlapping roles, possibly
explaining the lack of a mutant in the classical gene set. ZmFNS1 plays
the predominant role in the branch that synthesizes apigenin from
naringenin and is expressed in older leaves and in leaves under biotic
stress (Fig. 4). In the conversion of naringenin to eriodictyol, ZmF3′H1
(Pr1) plays the predominant role with a lesser role for ZmF3′H2, al-
though the latter is expressed more in drought stressed roots and the
former in leaves under biotic stress. F3H enzymes can participate in two
branches of the flavonoid pathway in the conversion of eriodictyol to
dihydroquercetin and in the conversion of naringenin to dihy-
drokaempferol (Fig. 1). The F3H-like genes were expressed at relatively
low levels, but ZmF3H1 [77] was expressed at relatively high levels in
brace roots, anthers and in drought and biotic stressed tissues (Fig. 4).
Amongst the flavonoid reductases (DFR, ANR and LAR), the classical
gene ZmDFR1(A1) was expressed at low levels throughout development
(average FPKM of 6.05) likely reflecting the recessive nature of the
anthocyanin regulators in this inbred, but importantly it was expressed
in root tissues where the duplicate ZmDFR2 (A4) was not (Fig. 4).
ZmDFR2 (A4) was expressed at low levels in leaves, at intermediate
levels in developing seeds, and notably high levels in brace roots (877
FPKM) and in silks (4308 FPKM). ZmLDOX1 (A2) contributed the most
to the cyanidin biosynthetic branch of the pathway and was expressed
at notably higher levels in brace roots (230 FPKM) and in drought
stressed roots (428 FPKM). The largest family of genes that was studied
was the UDP glycosyltransferases (UGTs) with 58 members. ZmUGT44
and 45 (which are syntelogs) and ZmUGT14 were amongst the top eight
predominantly expressed genes (Figs. 2 and 4) being highly expressed
throughout the plant. They also exhibited high expression in meiotic
tassel tissue (pollen production) and in silks. Eleven UGTs (ZmUGT20,
26, 3, 41, 47, 29,13,18,16, 54 and 51) exhibited expression more spe-
cifically in older leaves and abiotic and biotic-stressed leaves. Also, it
was noted that ZmUGT11 and 4 (Sm2) were expressed quite specifically
in young leaf tissue and in silks. ZmUGT4 (Sm2) encodes a rhamnosyl
transferase that, in concurrence with Sm1 (RHM, UDP-rhamnose syn-
thase), are responsible for the production of maysin which protects the
silk from herbivorous insects [54,75]. Within the AAT family, it was
found that ZmAAT1, which has been linked to anthocyanion acylation
[78] was predominantly expressed in roots under drought and biotic
stress (Fig. 4). The homolog ZmAAT2 was expressed at similar levels but
also in leaf and root tissue. Lastly, it was found that amongst the GSTs
examined, that ZmGST1 and 2 were highly expressed throughout the
plant in nearly all tissues and were amongst the top eight pre-
dominantly expressed phenolic genes. Some GSTs have been reported
as required for transport of flavonoids into the vacuole and their high
expression may reflect their important role in ensuring correct com-
partmentalization of phenolic compounds [50]. ZmGST2 played a more
specialized role with expression largely restricted to root tissues and
drought stressed roots (Fig. 4).
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In summary, our analyses established that a subset of flavonoid
metabolism genes seem to be responsible for the majority of the flux
through the various branch pathways, and that some family members
exhibit more restricted developmental roles. The fact that ZmCHS2(C2),
ZmCHI1, ZmFNSi1, ZmFHT1, ZmDFR2 (A4), ZmLDOX1 (A2),
ZmUGT44,45, and ZmGST1,4 exhibit some of their highest levels of
expression in stressed tissues (Fig. 4) underscores the fact that the entire
pathway is also responding to stress signals, but notably we did not
observe family members that were uniquely stress-induced.

3.3. Phylogenomic analysis of maize phenylpropanoid genes

Our earlier results revealed that, even in large enzyme families, only
a small subset of members, appear to play a major role in metabolizing
the relevant substrates, suggesting that other members have either a
reduced function, specialized function or lost function. Since the maize
genome has undergone a recent whole genome duplication (WGD)

event since its divergence from sorghum, we investigated the evolution
of some of these gene families in an effort to discern patterns of gene
subfunctionalization or loss (pseudogenization).

3.3.1. Maize PAL gene repertoire - entry point to the phenylpropanoid
pathway

The PAL gene family in maize was found to contain 10 members. We
took advantage of the sorghum genome to identify syntelogs and
homologs of the maize PAL genes and used the aligned proteins to
generate a phylogenetic tree (Fig. 5A). One gene model
(Zm00001d033286, ZmPAL10 on chr 1) had not been included in
previous studies of PALs in maize [65] but appears to be functionally
intact encoding the cofactor 3,5-dihydro-5-methylidene-4H-imidazol-4-
one (MIO) binding, shielding, and core domains [79]. In maize there
are three PAL clusters on chr 2, 4 and 5 (Fig. 5C). Overall, the phylo-
genetic relationship amongst the 10 intact maize PAL genes supports
the interpretation that most duplication and clustering events occurred

Fig. 3. In silico Expression Analysis of Phenylpropanoid and Monolignol Genes in Maize. Heat map representation of tissue-specific expression levels (Log2
FPKM) of phenylpropanoid gene organized by enzyme family (dataset from Ref. [70]). Gene names within each family that exhibit a predominant role in phe-
nylpropanoid metabolism are colored red if expressed at high levels (average FPKM > 122, i.e. top 19 most highly expressed), orange (FPKM 50–121), green (FPKM
10–49) and black (FPKM < 10). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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prior to the divergence of sorghum and maize [80]. A cluster of 5 PAL
genes on sorghum chr 4 is similar to the organization of the cluster of
four PAL genes (ZmPAL1,9,8 and 7) on maize chr 5 (Fig. 5C), except for
the absence of one of the single exon PAL genes. The two PAL genes
located together on sorghum chr 6 are also organized similarly to the
two PAL genes (ZmPAL6 and 2) on maize Chr 2 (Fig. 5C), and a single
PAL gene on sorghum Chr 1 is most similar to ZmPAL9 on maize chr 1.
The cluster of PAL genes on maize chr 4 (ZmPAL3, 5, 4 and a pseudo-
gene) (Fig. 5C), is organized similarly to the cluster on maize chr 5 and
appears to be a result of the recent WGD event in maize. These clusters

are not the result of recent intracluster tandem repetition, however,
since ZmPAL1, 3, and 2, on 3 different chromosomes are most homo-
logous to each other (Fig. 5A, C). Likewise ZmPAL9, 5, 6, and ZmPAL4,
8, 7, cluster together while ZmPAL10 appears distinct from the other
PALs (Fig. 5A,C). The multiple sequence alignment of maize PAL pro-
teins reveals that these three sets of homologs encode His, Phe, and Tyr
respectively at residue 123 (of ZmPAL1). A biochemical study of
SbPAL1 indicates that His123 permits bifunctional PAL and TAL ac-
tivity, whereas the presence of Phe or Tyr permits only PAL or very low
PAL activity respectively [79]. Therefore, these clusters contain

Fig. 4. In silico Expression Analysis of Flavonoid Metabolism Related Genes in Maize. Heat map representation of tissue-specific expression levels (Log2 FPKM)
of flavonoid and flavonol genes (dataset from Ref. [70]). Gene names within each family that exhibit a predominant role in flavonoid metabolism are colored red if
expressed at high levels (average FPKM > 122 i.e. top 19 most highly expressed), orange (FPKM 50–121), green (FPKM 10–49) and black (FPKM < 10). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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intragenomic syntelogs with potentially differing substrate preferences
and thus, it can be hypothesized that these PAL genes might exhibit a
pattern of coordinate expression within or between different clusters in
the genome (see below). Although there are 10 family members in
maize, it is clear that ZmPAL1 (which is possibly bifunctional) and
ZmPAL9 are predominantly expressed and account for 56 % and 18 %,
respectively, of the mRNA accumulation attributable to this family
across 95 maize tissues (Fig. 5B). Within the same cluster on chr5,
ZmPAL8 is almost silent suggesting pseudogenization of this family
member. ZmPAL2, which is possibly bifunctional, (12 %), ZmPAL5 (4.6
%) and ZmPAL3 (4 %) account for a smaller contribution but their
expression pattern largely parallels that of ZmPAL1 and 9 (Fig. 3).
ZmPAL7, at the end of the cluster on chr 5, contributes 2.7 % of PAL
activity (deduced from mRNA accumulation levels), mainly in leaves
and roots. The remaining four PAL members ZmPAL6,8,4 and 10 col-
lectively contribute only 3 % of overall reads for this enzyme family and
the latter appears restricted mostly to expression in root tissues. Col-
lectively these observations point to major roles for both ZmPAL1 and 9
on chr5 and diminishing roles for their orthologs ZmPAL2 and 3 and
ZmPAL5 and 6 respectively in the core phenylpropanoid pathway.

3.3.2. Maize 4CL gene repertoire - exit point from the core phenylpropanoid
pathway

To investigate genes regulating the exit point from the core phe-
nylpropanoid pathway, predicted 4CL and 4CL-like encoding genes from
maize and sorghum were aligned and used to create a phylogenetic tree
(Fig. 6A). We identified five 4CL genes in both species, a similar number
reported for Arabidopsis and rice [19,23,81,82]. The conservation of the
number of 4CL clade members occurs despite the fact that a WGD event
in maize has occurred following divergence from sorghum. Of these,
Zm4CL1 and 2 on chr 5 and 9 are syntelogs and are expressed at the

highest levels in maize tissues (Fig. 6B). The five proteins encoded by
the 4CL clade exhibit conserved amino acids in the substrate binding
pocket as found in Sb4CL1 (Bmr2) and related 4CL enzymes [81,83,84].
The proteins of the 4CL-like clades conserve most, but not all of these
residues, suggesting the possibility of similar substrate specificity. In
support of this hypothesis, we found that the sister 4CL-like clade-1
exhibited seven members of which Zm4CL-like3 is most similar to the
Arabidopsis gene At4g19010 (Fig. 6A). At4g19010 encodes a 4CL im-
plicated in diverting p-coumarate from the phenylpropanoid pathway
to ubiquinone biosynthesis [85,86]. The existence of the 4CL-like clade-
1 in maize suggests that this ubiquinone biosynthesis pathway may also
function in monocots. In support of this hypothesis, it was found that all
seven members of the 4CL-like1 clade exhibit stringent conservation of
a C-terminal S-R/K-L consensus motif (data not shown) known to target
proteins to the peroxisome where At4g19010 has been shown to localize
[85]. Expression analysis shows that, within the 4CL-like Clade-1, that
Zm4CL-like 4, 2 and 5 are predominantly expressed, yet at low levels
(Fig. 6B). In summary, phylogenetic analyses show the conservation of
just five 4CL members in maize, resembling results found in other
monocots and dicots [19,81,82] and the existence of several 4CL-like
genes that may contribute to the channeling of p-coumarate to ubi-
quinone biosynthesis in maize.

3.3.3. Maize HCT gene repertoire - entry point to the G and S monolignol
pathway

HCT enzymes serve as the entry point to the synthesis of G and S
lignin subunits. Mutations of this function have not been discovered by
classical mutagenesis in maize. A search of the maize genome and the
literature indicates that there are at least 42 members of this family in
maize (named ZmHCT1 thru 42, Supp. Table 1) [65]. We performed a
multiple sequence analysis of the 42 predicted maize HCT proteins and

Fig. 5. Phylogenetic Relationships, Expression Analysis, and Gene Organization of Maize PAL Genes. A: Phylogenetic relationship amongst maize and sor-
ghum PAL genes. B: Pie chart of relative overall expression levels of maize B; PAL genes, expressed as a % of total FPKM for the family across 95 tissues (dataset from
Ref. [70]) C: Scaled representation of maize PAL gene clustering in the maize genome. Red connecting lines indicate phylogenetic proximity. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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included also eight characterized BAHD acyl-transferases from rice and
one from sorghum. Phylogenetic analysis identified four main HCT
clades (Fig. 6C), which may reflect shared functionalities amongst clade
members. For example, HCT Clade 4 contains SbHCT
(SORBI_3004G212300) from sorghum whose crystal structure has been
determined [87]. Residues T36, S38, Y40, H162, R371, and T384 play
key roles in catalysis and specificity towards p-coumaroyl shikimate

[87]. We found by multiple sequence alignment (MSA) and structural
modeling that these six residues are conserved only in ZmHCT5 and 6
(data not shown), suggesting that these proteins are responsible for the
formation of p-coumaroyl shikimate in the early stages of the phenyl-
propanoid pathway. ZmHCT6 is predominantly expressed across 95
maize tissues (51 % of total FPKM for HCT-Clade 4), but ZmHCT5 is
expressed on average at a 34 fold lower rate (1.5 % of total FPKM for

Fig. 6. Phylogenetic Relationships, and Expression Analysis of Maize 4CL, and 4CL-like, HCT, and CHS genes. A, C, and E: Phylogenetic relationship amongst
A: maize and sorghum 4CL and 4CL-like genes, B: maize HCT genes and E: maize CHS genes. B, D, and F : Pie charts of relative overall expression levels of maize B:
4CL and 4CL-like genes, D: HCT Clade 4 genes, and F: CHS genes, expressed as a % of total FPKM for the family across 95 tissues (dataset from Ref. [70]).
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HCT-Clade 4) (Fig. 6D). Other members within the ZmHCT-clade4 that
are expressed at intermediate levels are ZmHCT15, 9, and 11 (Figs. 6D
and 3).

Maize produces a variety of antimicrobial metabolites (phytoa-
lexins) in response to phytopathogen infection. Amongst these are
several phenylamides (PA, amine-conjugated phenolic compounds)
such as N-trans-cinnamoyltryptamine, N-p-coumaroylserotonin and N-
cinnamoyltyramine. Condensation of the hydroxycinnamoyl and amine
moieties is the key step for the biosynthesis of PAs and is catalyzed by
BAHD acyltransferases [88]. Eight BAHD acyltransferases from rice
were also included in the MSA, under the premise of their potential
conservation in maize [89,90]. In HCT Clade 2, ZmHCT1/2 were most
similar to rice OsTBT1/2 which possess tryptamine benzoyl transferase
activity [90]. Similarly, ZmHCT4 (in ZmHCT-clade 2) is closely related
to OsTHT1 and 2 that exhibit tryptamine hydroxycinnamoyl transferase
activity [90]. In HCT Clade 1, ZmHCT14 and 3 were most similar to
OsPHT1 and 2 respectively which possess putrescine hydroxycinnamoyl
transferase activity [91]. Thus, candidate HCT functions in maize could
be predicted based on their homology to well characterized acyl-
transferases in other species. In summary, we found that ZmHCT-Clade
4 harbors 4 genes (ZmHCT6, 15, 9 and 11) likely to contribute mostly to
the flux of metabolites into the G and S monolignol pathway.

3.3.4. Maize CHS gene repertoire - entry point to the flavonoid pathway
The flow of p-coumaroyl-coA into the flavonoid pathway is fa-

cilitated by CHS and CHI enzymes that are thought to interact via weak
but ordered protein-protein interactions [92,93]. Our survey of the
maize v4 genome revealed 15 CHS-related genes that could be divided
into four minor clades (Fig. 6E). We also included an extra CHS gene
(ZmCHS15) that was not reported in a recent survey of CHS genes in the
v3 of the maize genome and our expression analysis employed a much
larger set of tissue samples [94]. The classically duplicate genes
ZmCHS1 (Whp1) and ZmCHS2 (C2) were found to account respectively
for 70 % and 10 % of the overall expression of this gene family
(Fig. 6F). Within the same clade they resemble the duplicate genes
ZmCHS13 and 14 on chr 5 and 1 respectively, but the latter are ex-
pressed at much lower levels (Fig. 6F). Interestingly the expression of
these genes occurs almost exclusively in meiotic tassel tissue along with
the homolog ZmCHS11 (Fig. 4). Notably, these five CHS genes collec-
tively account for 89 % of the expression from this gene family.
ZmCHS5 on chr 3 from ZmCHS-clade2, appears to function mainly in
roots and in drought-stressed roots (Fig. 4) and is another significant
contributor (7 % of CHS family FPKMs) (Fig. 6F). CHS genes with
ZmCHS clades 3 and 4 also appear to play a minor role, but of these, it is
of interest that ZmCHS3 is most homologous to OsCUS which catalyzes
the formation of bisdemethoxycurcumin, by the condensation of two
molecules of 4-coumaroyl-CoA and one molecule of malonyl-CoA
[95,96]. So far, this activity has not been reported in maize, but we also
observed that ZmCHS3 expression was undetectable in 95 maize tissues,
suggesting that this is a non-functional member of the CHS family in
maize. In summary, phylogenetic analyses reveal at least 15 CHS and
CHS-like genes in maize of which only two (ZmCHS1 and 2) contribute
to 80 % of activity and half of the family members express extremely
low or no expression suggesting loss of function following the WGD
event.

Overall, our analysis reveals considerable gene subfunctionalization
and loss during the evolution of these gene families. Reduced function
of half of the ZmPAL family as well as a conserved number of 4CL clade
members may have been required to maintain a balanced flux of in-
termediates through the core pathway since the most recent genome
WGD event. The existence of 4CL-like genes encoding peroxisomal
targeted proteins however suggests that a branching of the pathway to
ubiquinone biosynthesis may also be conserved in monocots [85,86].
Subfunctionalization may be occurring within different clades of the
relatively large HCT family beyond functioning in monolignol produc-
tion. Some HCT family members may function in phenylamide

production and defense functions. Interestingly, ZmHCT1/2 have been
shown to be overexpressed in an autoactive hypersensitive response
(HR) mutant of maize [97,98]. Furthermore, evidence indicates that
these proteins directly interact with the autoactive Rp1-D21 NLR re-
ceptor and caffeoyl CoA O-methyltransferase (CCoAOMT) [97,98]
suggesting their involvement in defense related phenolic compound
production. Likewise, the Arabidopsis AtHHT1 (At5g41040) gene en-
codes a feruloyl transferase responsible for synthesizing suberin, is most
similar to ZmHCT10 and 34, but this activity has not been reported in
maize [99]. Subfunctionalization may be occurring also within the
ZmCHS family, where the ZmCHS1/2-homolgous genes ZmCHS11, 13,
and 14 are expressed at significant levels but almost exclusively in
meiotic tassels. These genes were previously reported to increase
transiently in response to salicylic acid treatment [94]. Interestingly,
they also belong to a co-expression module from meiotic tassels de-
tected by weighted gene co-expression network (WGCNA) analysis
[70]. Since flavonoid compounds are undetectable in ZmCHS1Whp1)
and ZmCHS2(C2) mutants [100–102], these polyketide synthases may
have evolved to produce a novel metabolite needed for pollen devel-
opment [103]. Lastly, the fact that a complete ZmCHS3 gene, which was
found to be homologous to OsCUS, was not expressed in any of the 95
tissues examined suggests that the ability to synthesize bisdemethox-
ycurcumin has been lost since the divergence of these species. In
summary, the examination of gene families that govern important entry
and branch points in the phenylpropanoid pathway allows us to identify
those few family members that provide the majority of functional en-
zymes and those that have a reduced role or have become non-func-
tional. We can also identify family members that have evolved to
function either in broader phenolic metabolism or beyond.

3.4. Identification of co-expressed pathway assemblies

Our study identified a large pool of genes potentially associated
with phenolic metabolism in maize. To gain further insight into their
possible participation in enzyme assemblies, we hypothesized that the
genes encoding the components of such enzyme assemblies may also be
co-ordinately regulated. Conversely, such assemblies may in turn be
predicted by detecting which sequential genes in a pathway are co-
expressed. Briefly, we first calculated the mutual rank of the mutual
information (MR-MI) of all genes known or predicted to be linked to the
biosynthesis of lignin (monolignols-H/S/G), tricin, and flavonoids
versus all maize genes using the expression data from 95 maize tissues
[104]. This information was then used to define highly co-expressed
genes for each phenolic-family member gene (for details see methods).
We hypothesized that enzymes in sequential steps of known metabolic
pathways are likely to be co-expressed and this was measured by the
significance of the connections (i.e. those MR values in the top 5 % of
co-expressed genes genome-wide) between sequential genes in the
pathway (nodes) (Fig. 7 and Supp. Fig. 1). For example, in the core
phenylpropanoid pathway, all PALs appear before C4Hs, and 4CLs ap-
pear after C4Hs. Within the set of highly co-expressed genes, ZmPAL1
was highly co-expressed with ZmC4H1 (MR value=47) and co-ex-
pressed at an intermediate level with ZmC4H3 (MR value ∼ 614), so
two connections with different coloration are displayed (Fig. 7A).

For the core phenylpropanoid pathway leading to S monolignol
production, 10/10 PALs and 4/5 C4Hs exhibited at least one significant
connection but of these ZmPAL9 shows the highest degree of coordinate
expression with ZmC4H1 and 2 respectively (Fig. 7A). ZmPAL6/8/9 and
ZmC4H1/3 were the highest connected nodes (3/3/3 and 16/15 con-
nections, respectively) possibly indicating a major metabolic role in the
five pathways that we examined (Fig. 7 and Supp. Fig. 1). In the third
step of the pathway, we found that 13/14 of the 4CL/4CL-like enzyme
family had at least one significant connection (Fig. 7A and Supp.
Fig. 1A), but of these, Zm4CL1 shows a high degree of coordinate ex-
pression in the S, and G monolignol pathways (Fig. 7A and Supp.
Fig. 1B) where this enzyme facilitates the entry of caffeic and ferulic

L. Gomez-Cano, et al. Plant Science 291 (2020) 110364

11



acid into the monolignol pathway (Fig. 1). Likewise, ZmCCoAOMT1, 2
and ZmCCoAOMT-like2,3, which operate only in the S and G pathways,
are highly connected (Fig. 7A and Supp. Fig. 1B). In the later steps of
the monolignol pathways, ZmCAD3 shows connectivity with the most
genes that encode neighboring enzymatic functions in all three path-
ways (S, G, and H) indicating a major role in the production of all three
monolignols (Fig. 7A and Supp. Fig. 1A, B). ZmCOMT1 and ZmOMT8

which are amongst the most highly expressed phenolic genes (Fig. 2),
exhibit the highest connections amongst all OMTs (Fig. 7A). Note-
worthy, for ZmCOMT1, these co-expressed genes included the two an-
notated F5Hs (ZmFAH1,2) and ZmCAD3, indicating a major role for
these enzymes in the production of sinapaldehyde or/and sinapyl al-
cohol (Fig. 7A).

Hierarchial clustering analysis of core phenylpropanoid and

Fig. 7. Co-expression Networks of Core Phenylpropanoid, Monolignol, and Flavonoid Related Genes in Maize. A and B: Diagrams represent the overlap of
metabolic pathway and co-expression data associated with the biosynthesis of A: core phenylpropanoid molecules and monolignols of type S, and B: core phe-
nylpropanoid molecules and anthocyanins respectively. Node color represents the degree of coordinate expression calculated as the number of significant connections
(in top 5 % of co-expressed genes) between the sequential genes. Edge color represents the MR value between the sequential genes in the pathway. Family members
with no significant links were discarded from the network representation.
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monolignol related genes also revealed co-expression of genes that may
belong to different regulatory modules (Supp. Fig. 2) and this alter-
native approach permits the clustering of genes whose products do not
necessarily operate in a sequential manner. A regulatory module was
observed comprising ZmPAL9 and 1, ZmC4H1 and 2, ZmCCoAOMT 1
and 2, and ZmCOMT1 (Supp. Fig. 2 cluster A). In this module the
members are all predominantly expressed, and this module is poten-
tially linked to G or S monolignol production. A nearby cluster com-
prising Zm4CL1, ZmCAD3, and ZmHCT6 (Supp. Fig. 2 cluster B), may
also be linked to G or S monolignol production and of these Zm4CL1,
and ZmHCT6 had exhibited high connectivity using MI/MR analysis. A
third module comprising ZmCCoAOMT-like2, ZmCCR-like7, and
ZmCAD6 (Supp. Fig. 2 cluster C) co-expressed almost exclusively in
roots and in roots under drought stress suggesting an enzyme module
for monolignol production that is regulated in response to low water
stress.

In addition to these clusters, another noteworthy pattern was that
certain groups of HCT genes co-expressed with genes encoding pre-
ceding or subsequent enzymatic functions, or both (Fig. 7 and Supp.
Fig. 1). For example, ZmHCT9,7,11,28,32, and 39 co-express only with
ZmC3Hs whereas the ZmHCT1,3,10,17,18 and 23 co-express with both
Zm4CLs and ZmCCoAOMTs (Fig. 7A). Although the substrates of most
of these HCT enzymes remains unknown, these patterns allow candi-
date functions for these enzymes to be proposed. For example ZmHCT6
which is highly expressed (Fig. 3), and co-expressed with 4Cl and
CCoAOMT (Fig. 7A), likely encodes the main enzyme responsible for p-
coumaroyl shikimate production.

Co-expression of genes was also observed in the anthocyanin
pathway. The predominantly expressed ZmCHS1 and 2 were co-ex-
pressed with at least one other phenylpropanoid related-gene. Notably,
ZmCHS2 (C2) exhibited the highest number of connections with
Zm4CL1, 5 and Zm4CL-Like1 and 2, and with ZmCHI1 and 2 (Fig. 7B).
We did not identify co-expression links between the F3Hs and F3′Hs
that function to metabolize naringenin, however, ZmDFR (A1) did co-
express with ZmFHT1 and ZmF3′H1 (Pr1). In the production of cyanidin
derivatives, we did identify at least three groups of UGTs that are co-
expressed 1) only with LDOXs genes, 2) with GSTs and AATs, and 3)
only with AATs (Fig. 7B). This suggests that enzymes that are involved
in the final biosynthetic steps may be coordinately regulated and form
assemblies to ensure modification and stabilization of these phenolics.
Overall, we found that 25/38 of the top 38 predominantly expressed
phenylpropanoid genes are also amongst those found to be co-ex-
pressed. This suggests that the predominantly expressed genes are also
those that are the main participants in forming enzyme assemblies.

Hierarchial clustering analysis of core phenylpropanoid and flavo-
noid related genes also revealed co-expression of genes that may belong
to distinct regulatory modules (Supp. Fig. 3). The largest of these
modules consists of 64 gene models that are expressed at low levels
across most tissues (Supp. Fig. 3 cluster D). This module indicates that a
large number of flavonoid related genes are co-ordinately regulated to
provide required metabolites at a low level throughout development.
Visual inspection of this large cluster suggests that some sub-clusters
are likely regulated in a more tissue specific fashion (e.g. ZmUGT11, 15,
16, 51 and 54, and ZmCHS1 Whp1), that appear to be expressed manly
in leaves and biotic and abiotic stressed tissues. A cluster comprising
ZmCHS2 (C2) and ZmCHI2 (Supp. Fig. 3 cluster E), indicates that the
entry steps into the flavonid pathway may form an enzyme complex in
maize as has been found in other plant species [93,105]. Cluster E lies
amongst the wider group of 19 phenylpropanoid genes that are pre-
dominantly expressed throughout most tissues (Fig. 2 and Supp. Fig. 3),
indicating that these form the main modules that govern flux through
the pathway. In additon to these main modules, it was also possible to
detect regulatory modules that appear restricted to more specific cell
types. For example, ZmCHS6, ZmUGT43 and 34, are expressed at low
levels but in older leaves and in response to infection (Supp. Fig. 3
cluster F). Genes in a module comprising Zm4CL-like9 and ZmCHS11,

13, and 14 (Supp. Fig. 3 cluster G) were expressed almost exclusively in
meiotic tassel tissue, suggesting a module specific to pollen develop-
ment. Genes in a co-expression module comprised of ZmBz2, ZmLDOX1
(A2), and ZmAAT1 (Supp. Fig. 3 cluster H) appear to be expressed
mainly in brace roots, tassels, anthers and silks, early seed develop-
ment, drought stressed roots and C. gramincola infected leaves (Supp.
Fig. 3). This cluster of genes includes classical genes linked to antho-
cyanin production in maize and the regulatory module may be stress
related. Previous studies have shown that anthocyanin content in B73
brace roots has been linked to whitefly infestation and appears to be
salicylic acid dependent [106,107].

In summary, we found examples of maize genes that operate se-
quentially in phenolic pathway branches are indeed coordinately ex-
pressed, suggesting that the products of these genes operate in protein
complexes or are required in specific cell types or stressed cells [93].
The concept of metabolons proposes that enzyme complexes or hubs
form, particularly at branch points in metabolic pathways, and that the
distribution of flux within this system may be regulated by the direct
competition between enzymes within complexes [92]. Indeed there is
evidence from Arabidopsis and soybean of a flavonoid metabolon in-
volving CHS and chalcone reductase (CHR) [93,105]. The high level of
connection between ZmC4H1 and 3, Zm4Cl1, and Zm4CL-like 1 and 2,
suggests that they serve a similar role in maize. Likewise,
ZmCCoAOMT1 and 2 and ZmCCoAOMT-like2 and 3 may act as a hub in
the midpoint of the G and S monolignol pathway, whereas ZmCAD3
may act as a hub late in the G monolignol branch. Interestingly, in both
the G and S monolignol pathways, many significant connections were
seen between HCT family members and either the 4CL or 4CL-like hubs
or the ZmCCoAOMT1 or ZmCCoAOMT-like hubs. This suggests that the
substrates are passed from these hubs to HCTs but the specific activities
of these HCTs is mostly unknown although in some cases candidate
functions may be predicted.

Overall, we find that our approach to detect co-expression modules
by MI/MR analysis provides a useful method to identify candidate en-
zyme assemblies. The display of edge strengths and number of con-
nections between sequential steps provides a facile method to visualize
strong and weak candidates for further experimentation. The prominent
members of the co-expression modules were also largely in agreement
with those found in clusters detected by hierarchial clustering using the
same large expression dataset [70]. We also compared our co-expres-
sion modules with the 12 modules detected by weighted gene co-ex-
pression network analysis (WGCNA) as described in the original ana-
lysis of the expression dataset [70]. We found that the genes identified
in co-expression modules in this study were disconnected and mainly
distributed across three WGCNA modules which contained between
2374 (Module 3) and 4836 (Module 6) members in each module.
Therefore, we find that our MI/MR analytical approach permits a more
refined and focused approach to predicting gene isoforms whose pro-
ducts may interact in sequential steps of a pathway.

3.5. Assigning candidate regulators to pathway modules

Our analysis revealed patterns of co-expression of several phenyl-
propanoid genes in the maize genome which logically leads to the hy-
pothesis that they are regulated by the same or overlapping sets of TFs
[56,108]. To test this hypothesis, we asked if protein-DNA interactions
(PDIs) previously identified for maize TF and 50 phenolic gene targets
using a Y1H screen [61] might be co-expressed, and thus lend evidence
to their participation in shared regulatory modules. Of the 337 PDIs
involving TFs with multiple targets, 21 (6.2 %) were co-expressed and
these were between nine TFs and 14 target genes (Fig. 8A). For
ZmCPP8, ZmMYB40, ZmMYB109, ZmOrphan249, ZmHSF24 and
bZIP76 only one of 4–12 respective Y1H targets was co-expressed,
suggesting a less important or more tissue-specific regulatory role for
these TFs. However, we found that for ZmMYB65, ZmMYB19 and
ZmC3H9, 6/13 (46 %), 5/11 (45 %), and 4/6 (67 %) of their targets
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were co-expressed across the 95 tissues examined, underscoring the
likelihood that these are important regulators of these targets in planta.
Indeed, ZmMYB19 (Zm1) and its syntelog in sorghum SbMYB60 have
both been linked to phenylpropanoid regulation [109,110]. The
genome-based co-expression approach to finding candidate PDIs per-
mitted us to widen the search for more candidate regulators of phenolic
gene expression in maize. We asked how many of the TFs from the Y1H
study were co-expressed with the phenolic genes annotated in this study

(Fig. 8B and Supp. Tables 1 and 5). We found that 22 TFs with a single
Y1H identified target were co-expressed with between 5 and 39 other
phenolic genes, for example ZmC3H21 and ZmOrphan83 both are co-
expressed with 39 phenolic related genes (Fig. 8B and Supp. Table 5).
ZmbHLH128 and ZmIAA5, which were found to have 2 targets by Y1H
are co-expressed with 21 and 33 phenolic related gene targets respec-
tively (Fig. 8B). ZmMYB65 which was found to have 13 targets by Y1H
screen was co-expressed with 24 phenolic genes in this study of which 6

Fig. 8. Candidate Novel Regulatory Links Between Maize TFs and Phenylpropanoid Gene Targets. A: Overlapping of previously discovered Y1H targets (61),
and co-expressed TFs with their targets (this study). B: Plot of TFs that are co-expressed with a known target(s) defined by Y1H (61) vs the number of other
phenylpropanoid targets with which they are co-expressed (this study). C: Example of potential new phenylpropanoid targets for MYB65 (white nodes) defined by co-
expression in this study. Yellow nodes indicate co-expressed targets that were also defined by Y1H (61). Red numbers indicate the rank of predominantly expressed
phenylpropanoid gene (see Fig. 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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overlapped with those from Y1H (Fig. 8C). Overall, 4430 candidate
PDIs were predicted by co-expression analysis (Fig. 8B) with 70 TFs co-
expressed with more than 20 genes (ZmIAA8 is co-expressed with 68
targets, Supp. Table 4). By increasing the co-expression stringency, we
reduced this to 804 candidate PDIs (Supp. Table 5). This list included
four TFs (ZmCOL13, ZmHB64, ZmHB112 and WRKY16), with eight
candidate targets in the phenylpropanoid pathway and thus they are
candidates for master regulators. This more stringent approach per-
mitted us to assign on average four candidate TF regulators to 203
phenylpropanoid genes promoters with 20 promoters having more than
eight different candidate TFs (Supp. Table 5).

In summary, we found that many phenylpropanoid genes are co-
expressed, suggesting their regulation by similar regulatory modules.
By extending the co-expression analysis to include maize TFs, and by
using different levels of stringency, we identified 1000's of candidate
regulators that were previously unsuspected, and include auxin re-
sponsive and homeobox regulators. For some TFs which were co-ex-
pressed with a single target identified by Y1H, the number of other
phenylpropanoid genes co-expressed was found to be as high as 23 (i.e.
for ZmC3H21 and ZmOrphan83). Although, the total number of candi-
date PDIs appears large, it is in the range of 20 TFs per promoter on
average. We envisage that this predictive approach will complement
Y1H screens by permitting an informed TF-centric screening to be
performed with target promoters of interest. By availing of the maize
TFome resource, the predicted interactions may quickly be validated by
Y1H or transient expression assay so that regulatory modules may be
constructed [61,111]. Future advances could involve extending the MI/
MR co-expression method to RNA-Seq datasets obtained from single
cells thus permitting the highest resolution of metabolons and their
regulatory modules.

4. Conclusions

We identified approximately 101 genes from 25 enzyme families in
the maize v4 genome, with an average FPKM > 10 across 95 tissues,
that make minor to major contributions to phenylpropanoid metabo-
lism. Expression analyses indicate that of these, just 19 genes act pre-
dominantly during maize development and response to stress. Related
family members have often undergone subfunctionalization, and in
some cases phylogenetic comparison permits candidate functions to be
predicted. Other genes have undergone pseudogenization, but caution
should be applied when evaluating these genes in other germplasm. A
MI/MR based co-expression analysis predicts novel co-expression
modules that may reflect the formation of metabolons in planta.
Furthermore, extending this co-expression method to include maize TFs
permitted the prediction of numerous PDIs that could contribute to
regulatory modules governing phenylpropanoid metabolism in maize.
Our comprehensive analysis combined with existing maize TFome re-
sources should permit rapid prediction and evaluation of regulatory
modules in maize.
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